U se of particles to evaluate flow patterns in the heart was first described in 1909 by
Pohlman,1 who injected starch granules into fetal pigs. Since then, many different types of particles have been used to trace flow patterns or measure blood flow in the heart. In 1967, Rudolph and Heymann2 introduced the use of plastic, radioactive microspheres for measurement of regional perfusion, and Makowski et a13 later added the concept of the reference sample, which made it possible to calculate blood flow. Use of radioactive microspheres for the measurement of regional myocardial blood flow (RMBF) in dogs was first validated by Domenech et al. 4 The radioactivemicrosphere method is relatively simple, and its validity is well documented.5-8 The technique has become standard for the measurement of RMBF in experimental cardiology. However, there are disadvantages such as the high cost of the multichannel gamma analyzer required by the technique and, of primary consideration in this era of ecological and cost consciousness, the expense and inconvenience of the disposal of radioactive carcasses.
A new type of microsphere has recently been described by Shell and coworkers.9 These microspheres are nonradioactive and are labeled with various colors. They are used in a manner identical to the radioactive microspheres; however, instead of analyzing the samples for radioactive counts, the samples are digested, and the actual number of microspheres is counted. Our objective was to evaluate this colored-microsphere method and compare it with the radioactive-microsphere technique in a canine model.
Materials and Methods

Microsphere Preparation
Radioactive, polystyrene microspheres, 11.3 + 0.1 ,um (mean + SD), labeled with 95Nb,`41Ce, or 103Ru were obtained from DuPont Research Products, Billerica, Massachusetts. The stock solution (micro-spheres in 10% dextran with 0.01% Tween 80) was agitated, sonicated for 30 Tissue. After weighing, the tissue samples were minced finely with a scalpel, were placed in tubes, and were measured for radioactivity. The manufacturer of the colored microspheres recommended a sample of 2-3 g. In a pilot study, we counted the 2-3-g sample in a single tube. Our results indicated that some quenching of counts in the large sample occurred. Therefore, in this study, each sample was subdivided into three pieces weighing 0.8-1 g, the sample size normally used in this laboratory for the measurement of radioactivity. The three pieces were counted individually, and then the counts were pooled for each sample. The sample was added to a 50-ml tube together with 15 ml Tissue Digest Reagent I and placed in a boiling water bath for 1 hour with a short period of cooling and a 1-minute vortex mixing after 30 minutes. The sample was then diluted to 40 ml with Tissue Digest Reagent II and centrifuged for 30 minutes. The supernatant was poured off, and the sample was resuspended in 4 ml Tissue Microsphere Counting Reagent. After vortex mixing, the mixture was transferred to a smaller tube, and the larger tube was washed three times with 2 ml Tissue Microsphere Counting Reagent. The samples were again centrifuged for 15 minutes, and the supernatant was then aspirated, leaving 0.2-0.4 ml of the supernatant in the bottom of the tube. After vortex mixing, the final dilution volume was measured by drawing up the mixture into the tip of a variable-volume automatic pipette. No. chambers x 0.9 mm3X ml 
Results
Protocol 1
Heart rate and mean arterial blood pressure were similar before and after the blood flow measurements. One minute before the blood flow measurement, mean heart rate in all animals was 144+±7 beats/min, and after completion of the measurement, it was 153 + 5 beats/min (p = NS). Mean arterial blood pressure was 105 + 9 mm Hg before measurement and 99+12 mm Hg after (p = NS).
Thus, the microsphere injection itself did not alter systemic hemodynamics.
The simultaneous injection of two of each type of microsphere allows comparisons both within and between the two methods. Figure 1 shows plots of paired RMBF measurements calculated with 95Nb and`41Ce microspheres and paired RMBF measurements calculated with yellow and blue microspheres in the 80 samples. Between 95Nb and 141Ce microspheres, the correlation coefficient was 0.998, and the duplicate variability (the absolute value of the difference of each pair divided by each arithmetic meanx 100) was 8.7 ±0.1%. The SEE was 0.03 ml/min/g. There was also an excellent correlation between yellow and blue microsphere pairs (r=0.986). However, with yellow and blue microspheres, there was greater scatter. The duplicate variability was 13.2±+1.8%, and the SEE was 0.09 ml/min/g. Individual 95Nb-and`41Ce-microsphere values of RMBF are plotted against individual yellow-and blue-microsphere values of RMBF in all tissue samples in Figure 2 . Slopes of the best-fitting regression line ranged from 1 Table 2 . There were no significant differences between these means.
To make comparisons between methods, we used the mean of 95Nb and`41Ce RMBF in each sample as an estimate of "radioactive" RMBF (RM-RMBF) and the mean of yellow and blue RMBF in each sample as an estimate of "colored" RMBF (CM-RMBF). On average, in this protocol with a range of flows from 0.02 to 1.96 ml/min/g, colored microspheres yielded RMBF values 8±2% higher than radioactive microspheres (p<0.002).
We examined the variation in paired reference samples obtained from the carotid and femoral arteries in six dogs. The variability obtained in paired reference samples is similar to that sometimes found in a given organ. First, the total number of radioactive counts was measured in each reference sample, and then the total number of colored microspheres was computed. When expressed as the absolute value of the difference of carotid and femoral values divided by their mean, the following percent differences were observed: 95Nb, 3.1 + 1.1%; 14Ce, 2.8 + 0.9%; yellow, 4.7 ±1.4%; and blue, 5.7 ± 2.0%. The average variation for radioactive microspheres was 3.0 ± 1.0% and for colored microspheres was 5.2 ± 1.5%. Thus, variability of micro- RMBF measurements were made with paired colored and radioactive microspheres during baseline and high-and low-flow conditions in two animals. Table 3 shows the results of these two experiments. Each flow represents the mean ± SEM of 10 samples obtained from each animal. Figure 4 is a plot of all (10 samples, three flows) radioactive and colored RMBF measurements from the two dogs. The best-fitting line of regression is expressed by the formula CM-RMBF =1 .35(RM-RMBF) -0.13, r=0.99. In this protocol, RMBF values obtained with colored microspheres were on average 8 ± 3% higher for baseline and low-flow conditions with RMBF values of 0.24-1.10 ml/min/g but were 39 ± 4% higher for blood flow above 2 ml/min/g. Discussion Since its introduction in the 1960s, the radioactivemicrosphere technique has been the "gold standard" for measurement of regional blood flow in In both protocols, there was an excellent correlation between the two techniques (>0.98). For RMBF values in the normal physiological range in the dog, up to 2 ml/min/g, blood flow computed with colored microspheres was approximately 8% higher than that computed with radioactive microspheres. When RMBF was pharmacologically augmented with epinephrine to achieve levels of 2.0-7.5 ml/min/g, blood flow values were on average 39% higher when computed with colored microspheres.
The discrepancy in blood flow values at high-flow levels may be due to differences in the microspheres themselves. Although both microspheres are made of polystyrene, the density of radioactive microspheres is 1.4 g/ml. Colored microspheres have a density of 1.05 g/ml, which is closer to that of red cells (1.098 g/ml), and they have greater variation in diameter than radioactive microspheres. When 
